Abstract Macrophage migration inhibitory factor (MIF) is an innate cytokine whose main actions include counterregulating the immunosuppressive action of glucocorticoids and inhibiting activation-induced apoptosis. MIF is encoded in a functionally polymorphic locus and human genetic studies have shown significant relationships between highexpression MIF alleles, host inflammatory responses, and improved clinical outcome from infections. A recently completed candidate gene association study in the autoimmune disease systemic lupus erythematosus (SLE) indicates that individuals with a high-expression MIF allele have reduced incidence of SLE. Among patients with established disease however, those with end-organ complications have increased frequency of high-expression MIF alleles. Plasma MIF levels and Toll-like receptor (TLR) stimulated MIF production also reflect the underlying MIF genotype. These data suggest that MIF exerts a dual influence on the immunopathogenesis of SLE: high-expression MIF alleles are associated with a reduced susceptibility to SLE, perhaps by enhancing clearance of autoimmunogenic pathogens; once SLE develops however, low-expression MIF alleles protect from ensuing inflammatory end-organ damage. These data thus provide an example of the potential evolutionary advantage of maintaining an autoimmunity susceptibility gene in the population in that high-expression MIF alleles may allow for a maximal anti-infective response despite risk of autoimmunity. These results also support the clinical feasibility of pharmacologic MIF antagonism as such therapies may be most effectively applied in those individuals who, on the basis of their genotype, manifest a MIF dependent form of autoimmunity.
Introduction
Macrophage migration inhibitory factor (MIF) was the first cytokine activity to be discovered, but the protein mediating this effect remained uncloned and uncharacterized until the mid-1990s. In addition to its eponymous effect on monocyte/macrophage mobility, MIF now is appreciated to be an upstream regulator of immunity that sustains cellular activation by counter-regulating the immunosuppressive action of glucocorticoids and inhibiting stimulus-induced apoptosis. The discovery of functional alleles for the human MIF gene (MIF) and their association with different rheumatologic disorders has focused attention both on MIF's role in immunopathogenesis and on pharmacogenomic approaches to regulate MIF-dependent immune pathways.
Background
The first description of an immune basis for leukocyte motility can be attributed to Arnold Rich and Margaret Lewis, who reported in 1932 that the emigration of cells from the lymphoid tissue of a Mycobacterium-sensitized animal was impaired in the presence of antigen [1] . This observation engendered significant interest among immunologists because it lent itself to experimental manipulation, especially after the development of techniques for the quantification of cell migration [2] . In seminal studies, John David and Barry Bloom succeeded in explaining monocyte migration arrest to result from the elaboration of a soluble factor, or lymphokine [3] . A unique gene responsible for MIF activity was reported in 1989 [4] , but failure to produce pure recombinant protein stymied further progress and led to the retraction of publications employing this uncharacterized sequence. Pure recombinant protein resulted from the cloning of mouse MIF from corticotrophic pituitary cells [5] and the definitive cloning of human MIF [6] , which further revealed a mutation in the originally reported T cell MIF sequence.
The identification of MIF secretion from pituitary cells was unexpected and immediately suggested a systemic role for MIF in the regulation of the immunologic and neuroendocrine systems [5] . MIF circulates normally in plasma, and its levels rise together with adrenocorticotropic hormone (ACTH) in response to stress or invasive stimuli. ACTH stimulates adrenal glucocorticoid production, while a main action of MIF is to counter-regulate the immunosuppressive action of glucocorticoids [7] . Evidence for a pathogenetic role for MIF in different inflammatory and infectious diseases emerged quickly after the observation that immunoneutralization of MIF fully protects mice from endotoxic shock. This result placed MIF in a central regulatory role with respect not only to the expression of innate immunity, but also to the progression of tissue-injurious pathways of inflammation.
MIF Genetics
There is a single MIF gene in the human genome (22q11.2), and both the exonic structure and DNA sequence of MIF are highly conserved across phylogeny. At the amino acid level, MIF sequence relatedness is the highest known for any human:mouse cytokine pair. MIF transcription is constitutive in many cell types, and induced transcription is regulated by pro-inflammatory, glucocorticoid, and hypoxic signals acting on AP-1, CREB, and HIF-1α responsive elements [7] . A remarkable feature of the human MIF gene is the presence of a microsatellite repeat (CATT) [5] [6] [7] [8] within the 5′ promoter region [8] . This tetranucleotide lies within a predicted Pituitary-1 (Pit-1) transcription factor binding site (Fig. 1 ), and both model gene reporter assays and human clinical studies indicate that repeat number is associated with higher MIF expression [8] . The MIF allelic structure also shows significant population stratification with increasing repeat number following human migration patterns and genomic diversification [9] . Studies have shown that in several autoimmune and inflammatory disorders, such as rheumatoid arthritis [10] , asthma [11] , and systemic sclerosis [12] , the predominant impact of high-expression MIF alleles is on the severity of the clinical phenotype. In asthma, for example, the presence of a longer (and higherexpression) CATT repeat is related to more severe asthma as defined by WHO GINA (Global Initiative for Asthma) criteria [11] and, in systemic sclerosis, with more generalized clinical manifestations known as diffuse cutaneous disease [12] . This conclusion regarding MIF's role in disease severity nevertheless may be a statistical limitation of the gene association studies performed to date and an influence on disease susceptibility may emerge with examination of larger cohorts.
The observation that the greatest prevalence of the MIF CATT 5 allele occurs in sub-Saharan Africa (Fig. 1) led to the hypothesis that low-expression allelic variants may confer protection from malaria, as the sub-Saharan region historically has suffered the greatest mortality from this infection. Lethal malaria occurs most often in immunologically naïve children and death ensues from the complications of an excessive innate immune response that leads to severe anemia, cerebral disease, and a sepsis-like syndrome. Malaria infection is considered responsible for the selection and evolutionary persistence of minor hemoglobin genes such as HbS (sickle hemoglobin), which confer protection against lethal malaria. Further support for MIF's role in resistance to malaria comes from the observation that the prevalence of HbS decreases in the southern latitudes of the African continent. Recent genetic epidemiologic studies have confirmed the relationship between higher-expression MIF alleles and severe malarial anemia, which is a leading cause of death in children with malaria [13] . Experimental studies in MIFdeficient mice also have supported a role for MIF in the inflammatory complications producing severe malarial anemia [14] .
Various studies focusing on the influence of MIF on autoimmune inflammatory diseases-or on diseases such as malaria, where inflammatory complications play a lethal role-have uniformly reported a clinically deleterious role for high-expression allelic variants. The results of a recent study of a large cohort of patients with septic shock is noteworthy, therefore, because a high-expression MIF allele was found to be associated with a 50 % improvement in survival [15] . This finding was somewhat unexpected given the prevailing notion that an excessive inflammatory or innate immune response underlies the pathogenesis of septic shock, but it is additionally supported by the recent work of Renner et al, who found reduced mortality from meningococcemia in patients with high-expression MIF alleles [16] . These human genetic data emphasize the protective role of innate immunity in defense against microbial invasion and support the conclusion that MIF alleles occur in a balanced polymorphism that has been maintained by the selective pressure of different infections.
There is a growing interest in examining the role of the MIF allelic system in diseases that may not be considered nosologically to be inflammatory but in which inflammation nevertheless makes an important pathogenic contribution. In prostate cancer, for instance, the presence of inflammatory cells in tissue biopsies portends a worse prognosis, presumably because cytokine signaling promotes tumor progression. In a recent study, patients with the high-expression CATT 7 allele were found to have an almost 5-fold increased risk of prostate cancer recurrence [17] . In autism-a neurodevelopmental disorder of unknown etiology but which has been associated with immune abnormalities-an association between high-expression MIF alleles and autism spectrum disorder behaviors was found. Affected probands also exhibited higher circulating MIF levels than their unaffected siblings [18] .
MIF in Autoimmunity
Systemic lupus erythematosus (SLE) is a multi-system autoimmune disease characterized by the loss of immune tolerance and autoantibodies to nucleic acids and nucleoproteins. Immunopathology results primarily from immune complex deposition in the small vessels of the skin, kidney, and other organs, which leads to the activation of complement and immunoglobulin Fc receptors and the recruitment of neutrophils and monocytes. Monocytes/macrophages are retained and persist within inflammatory sites, producing cytokines that propagate inflammatory tissue damage. In the kidney, for instance, infiltrating monocytes/macrophages are major constituents of the crescentic lesions that develop in rapidly progressive lupus nephritis and their presence signifies severe glomerular injury [19] .
A role for MIF in SLE first was suggested by the report that circulating MIF levels correlate positively with the Systemic Lupus International Collaborating Clinics/American College of Rheumatology (SLICC/ACR) index after 3 years of follow-up [20] . In addition, plasma MIF content was reported to be positively associated with glucocorticoid dose; in the context of MIF's glucocorticoid-antagonist properties, this suggested that therapeutic MIF inhibitors could have significant steroid-sparing effects.
MIF's central role in counter-regulating glucocorticoid action and in sustaining the activation and survival responses of macrophages led us to hypothesize that the immunoneutralization of MIF may be beneficial in lupus (Fig. 2) . In two genetically distinct murine models of spontaneous SLE, the MRL/lpr and the NZB/NZW F1 mouse strains, we observed MIF to be expressed in increased levels in the blood and within the infiltrating macrophages of the kidney [21] . Treatment with an anti-MIF monoclonal antibody during the time of disease progression ameliorated the decline in renal function and reduced glomerular injury and interstitial inflammation. Glomerular IgG deposition, circulating anti-dsDNA autoantibody levels, and major indices of splenic T-or Bcell activation were not affected by MIF inhibition, although in the case of the MRL/lpr mice, a modest reduction in the secondary lymphoid tissue content of B cells and naïve CD4 + , CD8 + T cells was observed. Among the expressed cytokines measured, lupus development was associated with a 6 , CATT 7 , and CATT 8 ). From ref [25] significant increase in TNFα and in the monocyte chemoattractant, CCL2. MIF inhibition, in turn, led to a significant reduction in circulating plasma levels of TNFα and CCL2; intrarenal mRNA levels of TNFα, IL-1β, and CCL2 also were reduced. A reduction in the expression of these mediators is consistent with MIF's upstream role in the expression of these cytokines and likely explains the protective action of anti-MIF in models of lupus nephritis. The lower indices of inflammatory cytokine activation and intrarenal leukocyte content after anti-MIF intervention was supported by a microarray-based analysis of gene expression, which showed a generalized downregulation of numerous pro-inflammatory cytokines, chemokines, and MIF-dependent signaling intermediates. These conclusions are in agreement with the protective effect of genetic MIF deficiency on renal injury that was reported in MRL/MpJ-Faslpr mice backcrossed onto a mif-/-background [22] . In that study, MIF deletion also reduced renal macrophage recruitment and intrarenal TNFα and IL-1β expression, as well as urinary CCL2 excretion.
Experimental studies of murine lymphoid development and human lymphoproliferative disorders support a functional role for MIF in B-cell survival signaling. While neutralization of MIF in the MRl/lpr lupus-prone mice showed some influence on B cell subpopulations in the spleen, it is unlikely that this effect was therapeutically beneficial, as circulating anti-dsDNA levels and renal immunoglobulin deposition were not affected. B cells are presently being targeted in the clinical application of anti-CD20 and soluble human B-lymphocyte stimulator (BLyS) therapies, and it is conceivable that MIF antagonism may exert a similar action in downregulating B cell responses.
MIF Alleles in Human SLE
Given current emphasis in defining the genetics of human autoimmunity, we were interested in whether MIF alleles influenced susceptibility or clinical manifestations of SLE. [14, 16, 23] and overide glucocorticoidinduced expression of the inhibitor of κB (IκB) [26, 27] . MIF activates a multicomponent receptor comprising two transmembrane proteins: the CD74 ligand-binding protein and the CD44 signal transducer [28, 29] . MIF also activates CXCR2 and CXCR4 dependent chemotactic responses [30] . MIF signaling leads directly to the phosphorylation of the extracellular signal regulated kinase ½ (ERK1/2), with sustained phase activation mediated by a c-Jun activation domain binding protein-1 (Jab1) dependent pathway [31] . MIF signaling then upregulates cytoplasmic phospholipase A 2 (cPLA 2 ) activity, which is downregulated by glucocorticoids, leading to arachidonate production and prostaglandin E2 release [32] . Intracellular arachidonate increases the post-transcriptional stability of mRNAs for pro-inflammatory cytokines such as TNF by activating c-jun N-terminal kinase/stress-activated protein kinase (pJNK), which is suppressed by glucocorticoids. Finally, MIF inhibits glucocorticoid induction of MAPK phosphatase-1 (MPK-1), which downregulates the inflammatory response by dephosphorylating multiple MAPK family members. MKP-1 targets include MAP kinase-activated protein kinase 2, which mediates the degradation of pro-inflammatory mRNAs [33, 34] . NF-κB: nuclear factor kappa-light-chain-enhancer of activated B cells; COX-2: cyclooxygenase -2; GR: glucocorticoid receptor; PKA: protein kinase A To address this question, we completed a study analyzing MIF polymorphisms in a cohort of 1369 SLE patients [23] . We studied MIF genotype in relation to disease incidence and clinical severity, and we examined circulating MIF levels for relationships with genotype. Among patients with established SLE, those with nephritis, serositis, and CNS involvement had reduced frequencies of low-expression MIF genotypes (-794 CATT 5 ) when compared to patients without these sequelae (Fig. 3) . Both MIF levels in plasma and MIF production from monocytes stimulated by TLR7, which mimics exposure to viral RNA, reflected the underlying MIF genotype.
Unexpectedly, both Caucasians and African-Americans with the high-expression −794 CATT 7 /173*C haplotype had lower SLE incidence (OR 0.63 [0.53, 0.89], p00.001 in Caucasians, and OR 0.46 [0.23, 0.95], p 00.012 in African-Americans). Perhaps this reflects the possibility that high MIF expressors are better able to clear certain pathogens that may be associated with lupus pathogenesis. This notion was further supported by an analysis of MIF polymorphisms and anti-nuclear antibody (ANA) status. Both patients and healthy controls with high-expression −794 CATT 7 or −173*C MIF genotypes (or −794 CATT 7 /173*C haplotype) were observed to be less likely to be ANA positive. That high-expression MIF alleles are associated with a lower incidence of ANA positivity further supports the conclusion that these alleles may confer protection from SLE. It has been hypothesized that antecedent infections play a role in SLE by mechanisms that may involve antigenic mimicry, oligoclonal B-or T-cell activation, and loss of tolerance. Thus, a more robust MIF-dependent antimicrobial response may promote the clearance and timely resolution of infection, thereby protecting against the development of an ANA, which is considered the earliest serologic indicator of immunodysregulatory progression to SLE. Our studies provided some support for this idea, because monocytes with a high-expression 7C MIF haplotype produce more MIF upon stimulation of TLR7. TLR7 mediates antiviral innate responses and has been shown in mouse studies to enhance autoimmune responses to viruses or viral RNAcontaining immune complexes. Recent work also supports a role for excessive apoptosis or defective clearance of apoptotic cells in SLE pathogenesis. Apoptotic nuclei may overwhelm the reticulo-endothelial system, break immune tolerance, and induce autoantibody production against nuclear components. Higher levels of MIF expression may promote cell survival, reduce the apoptotic response during inflammation, and decrease the likelihood of an autoimmune response progressing to SLE [24] .
In summary, genetic association analyses of prevalent and functional MIF polymorphisms suggest that MIF plays a dual role in SLE. High-expression MIF polymorphisms are associated with a lower incidence of SLE. In patients with established SLE however, low-expression MIF polymorphisms are associated with a lower incidence of endorgan injury. The limitations of this gene association study also must be mentioned. The study design was crosssectional; while it may be sufficiently large to capture relationships between alleles and major clinical manifestations, the conclusions must be replicated and further validated by prospective study of disease progression. For example, it would be important to understand the risk of high expression, pro-inflammatory MIF alleles on the development of cardiovascular sequela, which have emerged to be a major cause of lupus morbidity, as well as on overall mortality from disease.
The present work also highlights the value of candidate gene association analyses in the present era of genome-wide association studies (GWAS). GWAS chips do not capture the structural features of microsatellite repeats and remain limited by ignorance of the functionality for identified SNPs, absence of supportive mechanisms, and insufficient reproducibility. In the case of the MIF locus, neither the microsatellite polymorphism nor the associated promoter SNP are represented in the high density DNA chips employed for GWAS in SLE. Fig. 3 Influence of highexpression MIF alleles on the clinical expression of SLE. The pie charts depict the increase in the proportion of higherexpression MIF alleles (CATT 6 , CATT 7 , CATT 8 ) versus the low-expression MIF allele, CATT 5 in SLE patients with the end-organ complications of serositis, nephritis, and cerebritis. Data from ref. [23] Therapeutic Implications
Polymorphic genes constitute an important basis for variation in the host immune response, and MIF clearly occupies an apex position in regulating innate immunity. The findings gleaned from human genetic studies are within the known mechanisms of MIF action and signal transduction that mediate inflammatory activation, glucocorticoid responsiveness, and cell cycle control and apoptosis. The precise interplay between MIF and other genes with respect to the pathogenesis and clinical expression of SLE remains to be more closely elucidated. The possibility that some SLE patients demonstrate a propensity for end-organ disease based on their MIF allele should be considered; this may support a pharmacogenomic approach to MIF-directed therapies, which are entering clinical evaluation. Knowledge of a patient's MIF genotype thus may offer prognostic information as well as guide the potential application of MIFdirected therapies. The genetically defined variations in human MIF expression also offer the prospect of a natural therapeutic window that may guide pharmacologic interventions aimed at regulating MIF-directed pathways. Humanized anti-MIF receptor and anti-MIF antibodies are in clinical development and may offer promise for the treatment of SLE and other autoimmune disorders.
